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Some bacteria form intracellular nanometer-scale crystals of greigite (Fe3 S4 ) that cause
the bacteria to be oriented in magnetic fields. Transmission electron microscope ob
servations showed that ferrimagnetic greigite in these bacteria forms from nonmagnetic
mackinawite (tetragonal FeS) and possibly from cubic FeS. These precursors apparently
transform into greigite by rearrangement of iron atoms over a period of days to weeks.
Neither pyrrhotite nor pyrite was found. These results have implications for the inter
pretation of the presence of pyrrhotite and greigite in the martian meteorite ALH84001.

Intracellular Fe sulfide crystals are pro
duced by two morphological types of mag
netotactic bacteria, one of which is referred
to as a magnetotactic many-celled pro
karyote (MMP) (1); the other constitutes a
morphologically similar group of rod-shaped
bacteria (2). Magnetosomes (membrane
bounded magnetic crystals) in the rod
shaped bacteria were originally reported to
contain greigite (Fe 3 S 4 ) (3), whereas greig
ite and pyrite (FeS z) (4) and, tentatively,
pyrrhotite (Fe1_xS) (5) were identified in
magnetosomes in the MMP. Neither pyr
rhotite nor pyrite were identified in subse
quent studies, however, and the role of
pyrite in magnetotactic bacteria is un
known (6). Here, we report observations
that elucidate the mechanisms of formation
of Fe sulfide minerals in bacteria, and we
discuss whether structural features exist to
distinguish Fe sulfide minerals formed in
bacteria from those formed inorganically.
Attempts to culture magnetotactic bac
teria that produce Fe sulfides have been
unsuccessful. Thus, we collected cells from
natural sites where they are abundant, in
cluding the water column of Salt Pond,
Woods Hole, Massachusetts, and the water
and sediments of shallow salt-marsh pools
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ley, Massachusetts, and Sweet Springs Na
ture Preserve, Morro Bay, California. Cells
were deposited onto carbon-coated and
Formvar-coated Ni grids for transmission
electron microscopy (TEM) (7). Both rod
shaped magnetotactic bacteria and the
MMP containing Fe sulfide crystals were
present in the sediments and water samples
collected from these sites (Fig. 1).
We obtained interpretable selected-area
electron diffraction (SAED) patterns from
between 95 and 100 crystals from several
tens of bacteria; the studied crystals were
chosen either randomly from the chains of
magnetosomes or on the basis of their dis
tinctive morphologies. Consistent with the
results of earlier studies (3), most of these
crystals were greigite in both types of bac
teria. However, we identified several grains
of mackinawite. Like greigite, mackinawite
was present in both the rod-shaped bacteria
and the MMP. A third phase, cubic FeS
with the sphalerite structure, also may have
been present in these magnetotactic bacte
ria. We found no pyrite or pyrrhotite.
We only observed mackinawite crystals
in relatively fresh (less than a few weeks
old) specimens; the mackinawite crystals
converted to greigite over time. The two
SAED patterns in Fig. 2, A and B, were
obtained 10 days apart from the same crys
tal in a rod-shaped bacterium. The angular
relationships and d spacings show that the
original mackinawite transformed into
greigite. We did not observe any changes in
the crystal (either as mackinawite or as
greigite) while it was exposed to the elec
tron beam; the transformation occurred
during the time the sample was stored be
tween the two studies. These results indi
cate that mackinawite can be a precursor to

greigite in these bacteria.
Conceivably all the bacterial greigite
crystals could have formed by solid-state
transformation from a precursor phase.
Greigite grains characteristically show non
uniform contrast in the TEM images, either
because of thickness variations (which
would mean that their surfaces are irregu
lar) or because of lattice strain associated
with structural defects. Indeed, greigite
crystals typically contained stacking faults
along their (222) close-packed planes, as
was also observed earlier (3). These defects
could be individual lamellae that are rem
nants of the parent mackinawite structure.
Some greigite crystals contain bands par
allel to (222) that are several atomic layers
thick and show different contrast from the
rest of the crystal (Fig. 2D). The sI,Jacing of
fringes parallel to (222) is ~2.8 A in the
greigite part of the crystal (8), whereas it is
- 3 A within the vertical dark band in the
middle of the crystal (the place where the
spacing can be best measured), suggesting
that the bands (marked by paired arrows in
Fig. 2D) have the mackinawite structure
and the rest of the crystal has the greigite
structure. The SAED pattern (Fig. 2C) is
interpretable as a composite of mackinawite
[Il1] and greigite [101] projections, such as
those shown in Fig. 2, A and B, respective
ly. The two minerals are oriented with re
spect to one another with (011)m//(222)g
and [1l01m//[1001g, such that the cubic
close-packed layers are parallel to one an
other in the two structures and the S sub
structure is continuous across the interfaces.
The same orientation relation was observed
in an experimental study of the mackinaw
ite-to-greigite thermal transformation (9).
Cubic FeS could be a precursor to greig

ite and mackinawite. Cubic FeS, which has
the sphalerite structure, is known from cor
rosion products (10) and has been synthe
sized in aqueous experiments (11). It has
not been found in nature, probably because
it converts to mackinawite within hours to
days when exposed to air (12).
Eight crystals that were studied from a
double chain in a rod-shaped bacterium all
produced diffraction patterns that could be
interpreted as coming either from mackina
wite or from cubic FeS (13). The presence
of cubic FeS could explain why others (4)
identified pyrite in sulfide-producing bacte
ria. Pyrite is also cubic and has a unit cell
with a = 5.4 A, just like cubic FeS; how
ever, the lattice of pyrite is primitive (space
group PaJ), whereas that of cubic FeS is
face-centered (F43m). Some published sin
gle-crystal SAEO patterns were interpreted
as pyrite [110] projections (2); however,
when systematic extinctions are considered,
these are [110] projections of an F-centered
structure, consistent with cubic FeS. The d
spacings in the original reports of sulfides in
magnetic bacteria unambiguously show the
presence of greigite (Table 1). Non-greigite
reflections (boldface items in the last two
columns) could belong to either pyrite or
cubic FeS. However, pyrite reflections at
2.21, 2.43, 3.83, and 5.42 A were not re
ported, whereas all cubic FeS spacings can
be explained by the non-greigite reflec
tions. The observation of these non-greigite
reflections in two independent studies sup
ports our interpretation that cubic FeS is
initially present in magnetotactic bacteria.
We have evidence (Fig. 2) that macki
nawite magnetosomes convert to greigite;
cubic FeS may also convert to mackinawite
and then to greigite. Both sequences are
consistent with experimental studies show
ing that cubic FeS converted to mackinaw
ite (11) and that mackinawite converted to
greigite (9, 14, 15), and so the reaction
sequences are likely not controlled by the
bacteria. The structures of all these phases
are based on a cubic close-packed S frame
work and only differ in the occupancies of
Fe sites. Conversions among these struc
tures can occur with the S array preserved,
except for a slight contraction of the S
substructure as indicated by the spacings
of adjacent close-packed layers, which de
creas~ in the sequence cubic FeS (d b1l =
3.12 A) ~ mackinaw~te (d lD, = 2.97 A) ~
greigite (dm = 2.85 A).
On the basis of high-resolution TEM
images that show mixed mackinawite-greig
ite crystals (such as in Fig. 20) and planar
defects along (222)-type planes of greigite,
we propose that the conversion of macki
nawite to greigite in the magnetosomes
takes place along the close-packed planes,

Fig. 1. (A) Fe sulfide crystals in an
MMP from Salt Pond, Massachu
setts. Individual cells are not dis
cernible in the irnage. (B) Typical
chains of Fe sulfide magnetosomes
in an MMP.
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Fig. 2. Conversion of (A)
mackinawite into (B) greigite.
The SAED patterns in (A) and
(8) were obtained from the
same magnetosome from a
rod-shaped bacterium (from
Rowley, Massachusetts), but
(8) was recorded 1a days later
than (A). Relative to (A), addi
tional reflections appear in (8)
along the reciprocal-lattice
rows (arrows), and the d spac
ings of the remaining reflec
tions are also different. (e)
SAED pattern and (0) corre
sponding high-resolution TEM
image of a mixed mackinawite/
greigite magnetosome from an
MMP (from Salt Pond, Massa
chusetts). The bands between
pairs of arrows probably have
the mackinawite structure,
whereas the rest of the crystal
is greigite.

probably through the movement of Fe at
oms between neighboring S layers. In the
process, half the Fe atoms are oxidized and
one-fourth are lost. When the transforma
tion is incomplete, transitional disordered
structures result (Fig. 20).
The composition of the crystal in Fig. 2,
A and B, changed from Fe O.94S to Fe O.86S as
it converted from mackinawite to greigite.
The direction of the change is consistent
with the expected loss of Fe, although this
compositional difference is within analyti
cal error (16). The sink for the excess Fe is

unclear. According to Lennie et al. (9), the
surplus Fe probably forms amorphous
nanophase Fe-(OH) by reaction with 02 or
H 20. We did not observe any Fe-rich phas
es other than the magnetosomes in the
bacteria; however, Farina et al. (5) reported
that amorphous Fe- and O-rich regions sur
round sulfide crystals in some bacteria.
Relatively rapid transformation might
eliminate mackinawite in samples stored for
more than a few weeks. We obtained the
mackinawite SAEO pattern in Fig. 2A less
than a week after collection of the baeteri

um that contained the crystal. Thus, the
complete conversion from mackinawite to
greigite (Fig. 2B) took place within 17 days
after sample collection. On the other hand,
we found structurally disordered mackinaw
ite-greigite crystals (such as in Fig. 2D) in
bacteria that were collected 21/2 months
before the TEM study. The complete con
version of these crystals to greigite may
have been hindered by their Cu content
(which, in the case of the crystal in Fig. 2D,
was 5 atomic %), whereas the completely
converted crystal (Fig. 2, A and B) had no
detectable Cu content.
In one rod-shaped bacterium, all studied
crystals within a double chain were either
mackinawite or cubic FeS (I7). Mackinaw
ite is diamagnetic (I8), and at room tem
perature cubic FeS is paramagnetic (I 9).
Thus, chain formation is not necessarily a
magnetism-related process but is likely con
trolled by the bacterium independently of

whether the grains are magnetic. These ob
servations support the idea that biominer
alization and chain assembly are separately
controlled in magnetotactic bacteria (20).
The precursor FeS crystals are aligned in
the chains such that if they convert to
greigite with the S substructure preserved,
as described above, then [100l-the likely
easy axis of magnetization of greigite (6)
will be parallel to the chain.
The conversion of mackinawite to greig
ite and ultimately to pyrite was observed
extracellularly in batch cultures of the dis
similatory, sulfate-reducing bacterium De
sulfovibrio desulfuricans (21). The same re
action sequence apparently occurs at low
temperatures in nonbiological reactions
over time when excess S or S2- is present
(21,22). Because the MMP and other mag
netotactic bacteria that contain Fe sulfides
are probably dissimilatory sulfate reducers
(23) and these microorganisms live where

Table 1. Identification of bacterial Fe sulfide inclusions from electron diffraction, based on reflections
identified in this study (-) in oriented single-crystal SAED patterns and on previous results. Reflections in
boldface in the last two columns suggest the presence of cubic FeS and are discussed in the text.
Reflections tentatively assigned in this study are denoted by question marks.
Observed d (A)*

Calculated d spacings with corresponding hkl indices
Greigite (Fe 3 S4 )
d(A)

hkl

5.72

111-

Mackinawite
(FeS)
d (A)

2.98
2.85
2.47

2.02
1.90
1.90

hkl

d(A)

hkl

5.42

100t

3.83

110t

311222-

2.97

101-

2.60

110

3.12

111-7

3.13

111

3.57
3.16
3.06

2.70

200-7

2.71

200

2.69

2.43

210

2.21

211

400-

2.51

1.56
1.51
1.49

620533622

3.50
3.11
2.95
2.86
2.46

2.28

422333511
440531-

Farina
et al.
(5)

111

331-

1.75
1.67

Mann
et al.
(4)

001

220-

2.31
2.26

d(A)

Pyrite (FeS 2 )

5.68
5.03

3.50

hkl

Cubic FeS

1.91
1.84
1.81

200
112

1.67

003

1.56
1.52

211103-7

1.63
1.56

220-7

311-7
222-7

1.92

1.63
1.56
1.50

220

311
222
230

212:1:
2.04
1.89

1.71
1.65
1.60
1.55

2.12:1:
1.89

1.60

1.49

there are relatively high concentrations of
HzS, the greigite would be expected to
eventually convert to pyrite (2). Our study
indicates that the same inorganically driven
Fe sulfide reaction sequence occurs in the
magnetotactic bacteria as in the geological
environment, but in bacteria the pathway is
truncated at greigite. Such truncation may
be under biological control and is beneficial
to the cell because it precludes making non
magnetic pyrite. Not all of the functions of
greigite in bacteria are known, but as in
bacteria with magnetite magnetosomes, a
permanent magnetic dipole moment would
presumably enable a motile bacterium to
find and maintain an optimal position in a
vertical chemical concentration gradient
(24).
Our results have implications for the
biomineralization of iron sulfides and for
terrestrial (and, perhaps, extraterrestrial)
iron-sulfur chemistry. They may also be rel
evant to the origin of life on Earth, in that
iron sulfides are thought by some to be
energy sources for early life forms (25).
Nanometer-scale pyrrhotite and possibly
greigite were reported in the martian mete
orite ALH84001 and were cited as evidence
for ancient life on Mars (26). As we found
neither pyrrhotite nor pyrite in terrestrial
magnetotactic bacteria, their presence in
ALH84001 appears to be irrelevant to the
question of possible former biogenic activity
on Mars. Greigite, which was also men
tioned as a possible phase in ALH84001
(26), is the most abundant sulfide in mag
netotactic bacteria and could be the best,
although not an unambiguous, indicator of
past biogenic activity.
Both greigite and mackinawite convert
to smythite in hydrothermal ore specimens
(27). When heated above 238°C in vacu
um, greigite breaks down to pyrrhotite (28);
in addition, in many marine sediments
mackinawite reacts to greigite and then to
pyrite (IS, 29). Clearly, greigite can trans
form into at least three different phases,
depending on its thermal and chemical en
vironment. Characterization of sulfide min
erals and morphologies, together with reli
able knowledge about the thermal history of
the specimen, is needed to provide useful
information about a bacterial origin of Fe
sulfides in extraterrestrial samples.
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